Abstract Spherical neural mass (SNM) is a mass of neural precursors that have been used to generate neuronal cells with advantages of long-term passaging capability with high yield, easy storage, and thawing. In this study, we differentiated neural retinal progenitor cells (RPCs) from human induced pluripotent stem cells (hiPSC)-derived SNMs. RPCs were differentiated from SNMs with a noggin/fibroblast growth factor-basic/Dickkopf-1/Insulin-like growth factor-1/fibroblast growth factor-9 protocol for three weeks. Human RPCs expressed eye field markers (Paired box 6) and early neural retinal markers (Ceh-10 homeodomain containing homolog), but did not photoreceptor marker (Opsin 1 short-wave-sensitive). Reverse transcription polymerase chain reaction revealed that early neural retinal markers (Mammalian achaete-scute complex homolog 1, mouse atonal homolog 5, neurogenic differentiation 1) and retinal fate markers (brain-specific homeobox/POU domain transcription factor 3B and recoverin) were upregulated, while the marker of retinal pigment epithelium (microphthalmia-associated transcription factor) only showed slight upregulation. Human RPCs were transplanted into mouse (adult 8 weeks old C57BL/6) retina. Cells transplanted into the mouse retina matured and expressed markers of mature retinal cells (Opsin 1 short-wave-sensitive) and human nuclei on immunohistochemistry three months after transplantation. Development of RPCs using SNMs may offer a fast and useful method for neural retinal cell differentiation.
Introduction
Retinal degenerative diseases are leading causes of legal blindness worldwide [1] . In retinal degenerative diseases, including age-related macular degeneration, retinitis pigmentosa and Stargardt disease, irreversible visual loss is caused by the loss of neuro-retinal cells [1] [2] [3] [4] . Various pharmacological therapies have been developed that attempt to slow visual deterioration, but cannot restore damaged cells and visual function [2, 3] . Due to the limitations of current pharmacologic therapies, alternative approaches including gene therapy and artificial retina are under investigation. Among these, stem cell therapy is an approach that can restore and replace damaged neuroretinal cells and various stem cells are currently being evaluated for the treatment of retinal injury [2, 3, 5, 6] .
Stem cells, which are capable of indefinite self-renewal and can give rise to various cell types, are classified according to their origin [7, 8] . Embryonic stem cells (ESCs) are obtained from the inner cell mass of the blastocyst and induced pluripotent stem cells (iPSCs) are formed from somatic cells [7, 8] . The eye is an organ suitable for studies of stem cell transplantation because of its relatively easy access and immune privileged status [3] .
Using these advantages, various stem cell research initiatives on retinal disease are underway and several clinical trials have been completed [9] .
Several methods of differentiation of retinal cells from stem cells have been reported, with varying results [10] [11] [12] [13] [14] . Spherical neural masses (SNMs) are pure masses of neural precursors and originate from neural rosettes or neural tubes [10, 15] . SNMs have several advantages including long-term passaging with high yield and without the loss of differentiation capability as well as easy storage and thawing [15] . SNMs have been used to generate dopaminergic neurons, retinal progenitor cells (RPCs) and retinal pigment epithelium (RPE) [10, 15, 16] . In this study, we used human iPSC-derived SNMs to differentiate into RPCs and investigated the survival and differentiation potential of these RPCs in the mouse retina after intraocular transplantation.
Materials and methods

Differentiation of human iPSCs into retinal progenitor cells
Human iPSCs were supplied by the Stem Cell Distribution & Education System (SCDES, Seoul National University College of Medicine, Seoul, Korea), and maintained in mTeSR1 medium (Stem Cell Technologies, Vancouver, Canada). Differentiation of human iPSCs to SNMs followed Cho et al. with minor modifications [15] . Human iPSC colonies were detached and cultured in a Petri dish for 7 days to form embryoid bodies (EBs). EBs were cultured in neuro-progenitor (NP) selection medium for 5 days, and the resulting NPs were expanded for another 4 days in an neural expansion medium. To form SNMs, neural rosettes and neural tube-like structures that were observed during neural expansion culture were mechanically isolated and cultured onto a Petri dish containing neural expansion medium. For passaging, SNMs were mechanically fragmented into four or six pieces and expanded for 10 days. SNMs can be expanded for a long period (greater than 4 months) and stored in a freezing medium. Pure SNMs were used for differentiation into retinal progenitor cells. SNMs were dissected into small pieces and transferred to matrigel-coated culture dishes, and cultured in N2B27 medium supplemented for Dickkopf-1 (Dkk-1) (10 ng/ml), noggin (100 ng/ml) and Insulin-like growth factor-1 (IGF-1) (10 ng/ml) for 1 week, followed by the addition of fibroblast growth factor 9 (FGF-9) and fibroblast growth factor-basic (bFGF) (10 ng/ ml each) for 2 weeks. Total RNA was isolated from cells using a ToTALLY RNA TM kit (Ambion, Austin, TX, USA) following manufacturer's instructions. One microgram of the RNA template was reverse-transcribed by a Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics, Basel, Switzerland) according to manufacturer's instructions. Real-time PCR was performed using a 2-ll aliquot of the reverse transcribed product for each 20-ll sample of the reaction mixture containing 4 mM MgCl 2 , 10 pmole of upstream and downstream primers, and 2 ll of 10X Light Cycler Fast Start DNA Master SYBR Green 1 (Roche Diagnostics, Basel, Switzerland). Light Cycler software (Ver. 3.5) was used to analyze the data. The list of primer sets used for RT-PCR were OCT4, forkhead box G1 (FOXG1), LIM homeobox 2 (LHX2), PAX6, SIX3, SIX6, mammalian achaete-scute complex homolog 1 (MASH1), neurogenic differentiation 1 (NEUROD1), mouse atonal homolog 5 (MATH5), brain-specific homeobox/POU domain transcription factor 3B (BRNB3), microphthalmia-associated transcription factor (MITF), Cone-rod homeobox (CRX), recoverin (RCVRN) and these are detailed in Table 1 .
Histology
Human iPS cells (2 9 10 6 /100 ll) were injected on the back of the severe combined immunodeficiency (SCID) mouse. One month after transplantation, teratoma was dissected, dehydrated in ethanol and embedded in paraffin. For histological analysis, 5-lm-thick paraffin sections were cut and stained with hematoxylin and eosin (Sigma, St Louis, MO).
Transplantation of retinal progenitor cells
An adult 8-week-old C57BL/6 mouse was used as a transplant recipient and general anesthesia was performed with intraperitoneal administration of a mixture of zolazepam/tiletamine (80 mg/kg; Zoletil 50 Ò , Virbac, France) and xylazine (20 mg/kg; Rompun Ò , Bayer HealthCare, Germany). Anesthesia status was checked after 5 minutes. The pupil was dilated with 0.5% tropicamide/phenylephrine HCl (Tropherine, Hanmi, Korea). The right eye was chosen for the transplantation. The mouse was positioned in the lateral decubitus position with the right eye upward under the microscope. Topical anesthesia of the mouse cornea was performed with proparacaine HCl ophthalmic solution (Paracaine, Hanmi, Korea). Periocular drape was performed with 5% povidone iodine solution. Using a 34-gauge needle, a scleral wound was created 1 mm posterior from the limbus. A beveled retinal injection needle (INCYTO needle-RN, Incyto, Korea) was connected to the injector pump. After filling with the prepared retinal progenitor cells (B1.5 ll, total of about 50,000 cells), the retinal injection needle was inserted through the scleral wound. An assistant grasped a microscope coverslip and placed it on the mouse cornea to evaluate intraocular status. With caution not to touch the crystalline lens, the retinal injection needle was brought to the retina. Avoiding the optic disc and retinal vessels, the needle was advanced into the retina and the cell suspension was slowly deposited over 5 seconds. The mouse was housed in the breeding room for 3 months and analyzed 3 months after transplantation.
Enucleation and tissue sectioning
The mouse was sacrificed 3 months after transplantation. The eyes were enucleated with a fine microdissection forceps and scissors. The enucleated eye was rinsed with PBS and fixed in 4% PFA overnight with a corneal window to permit more efficient fixation. After fixation, the cornea and crystalline lens were removed and the eyes were post fixed in 4% PFA for 1 hour. The eyes were then soaked in 15% and 30% sucrose solution based on PBS for 1 hour in order. They were snap frozen in optimal cutting temperature (OCT) compound for 15 min and the material was serially sectioned at 20 lm.
Immunohistochemistry
For immunohistochemistry of the transplanted eye, frozen sections were mounted on silane-coated slides (Muto Pure Chemicals Co., LTD., Tokyo, Japan). Sections were washed in PBS and incubated in blocking solution containing 0.3% Triton X-100 and 3% bovine serum albumin (BSA) for 45 minutes. The sections were incubated with 
Results
Characterization of human induced pluripotent stem cells
The pluripotency of human iPS cells was evaluated with immunohistochemistry and teratoma formation. Colonies of human iPS cells expressed pluripotent markers including OCT4, SSEA-4, Tra-1-60 and Tra-1-81 on immunocytochemical analysis (Fig. 1) . Teratomas made from human iPS cells transplanted onto the back of SCID mice contained cartilage, adipose tissue, smooth muscle (mesoderm), neural rosettes, pigment epithelium (ectoderm), and vascular endothelium, glandular tissue, and gut-like epithelial tissues (endoderm) (Fig. 1 ).
Differentiation of human induced pluripotent stem cells to retinal progenitor cells
With a stepwise differentiation protocol, human iPSCs were developed into RPCs (Fig. 2) . The differentiated cells expressed CHX10, an early neural retinal progenitor marker and PAX 6, an eye field marker, while they did not express OPN1SW, a mature photoreceptor marker on immunocytochemical analysis (Fig. 3) . Analysis of the differentiated RPCs with quantitative RT-PCR revealed that OCT4, an undifferentiated pluripotent cell marker, was greatly downregulated. However, markers of the anterior neuroectoderm (FOXG1, SIX3, SIX6 and LHX2), markers of eye field (PAX6, SIX3 and SIX6), markers of early neural retinal cells (MASH1, MATH5 and NEUROD1), and a marker of retinal ganglion cell (BRN3B) were upregulated (Fig. 3) . In addition, markers of neural retinal cell fate markers (BRN3B, CRX and RCVRN) were upregulated while the marker of RPE (MITF only showed slight upregulation. When compared with SNMs, RPCs exhibited upregulated eye field and retinal cell fate markers (PAX6, SIX3 and SIX6, MASH1, MATH5, NEUROD1, BRN3B, CRX and RCVRN).
Evaluation of survival and integration of retinal progenitor cells in the mouse retina
Three months after transplantation, transplanted cells were presented on superficial retinal layers. Immunohistochemistry revealed that transplanted cells were of human origin and differentiated to photoreceptor cells, as established by positive human nuclei (HNu) and OPN1SW (Fig. 4) .
Discussion
We obtained RPCs from human iPSC-derived SNMs and demonstrated that transplanted RPCs survived and matured in mouse retina. In this study, we cultured human iPSCs and used a protocol generating SNMs, which are spherical structures originating from neural tubes or rosettes for differentiation [15] . This has been reported to be an efficient method to generate neuronal cells from stem cells [15] . In addition, using the noggin/bFGF/Dkk-1/IGF-1/ FGF-9 protocol, we differentiated SNMs to RPCs [17] . The formation of SNMs is a unique step which is known to offer a high yield of neuronal cells [10, 15] . Cell differentiation with high efficiency is needed because it can improve therapy efficacy and minimize the potential for teratoma development [10, 15] . This can be a critical issue, especially in the eye, because subretinal space for transplantation is limited. A small volume of differentiated cells with higher efficiency will be important in transplantation and will improve the efficacy of cell therapy in the eye. In addition, as previously reported, SNMs have advantages for efficient differentiation of neuronal cells on a large scale as well as easy storage and thawing [10, 15] . The time for development of retinal cells can be shortened relative to protocols that start from the culture of embryonic stem cell or iPSCs [17, 18] . In this study, derivation of neural RPCs from SNMs took about three weeks. Thus, methods with a SNM step might be a rapid and useful approach for both experimental and clinical purposes.
We have shown that RPCs exhibited a positive early neural retinal progenitor marker (CHX10) and eye field marker (PAX6) on immunocytochemistry, while they did not exhibit a photoreceptor marker (OPN1SW). RT-PCR also revealed that markers of retinal progenitors and photoreceptors were upregulated while a marker of RPE showed only slight upregulation. This suggests that RPCs from SNMs were differentiated to neural retina rather than to RPE with the protocols used in this study.
In transplantation, immunological comparability between the host and recipient is an important barrier.
Immunosuppression is usually mandatory for transplantation. Compared with other organs, the eyes are immune privileged and this might be associated with the reduced rejection of the transplanted cells [19] . There are concerns about immunosuppression after transplantation because immunosuppression can have adverse effects on the regenerative process and is associated with tumorigenesis [20, 21] . Recently, Hambright et al. reported that human ES cell induced retinal progenitor cells transplanted into a non-immunosuppressed mouse retina survived and differentiated into retinal cells [17] .
Several studies explored the transplantation of stem cells in normal, damaged or degenerative retina and reported various results [17, [22] [23] [24] . These studies suggested that the anatomical barrier of the retina and immune reaction were factors affecting the results after transplantation. In this study, transplanted cells expanded along the retinal surface while no human cells were detected in the subretinal space. This might be caused by several factors that affect the integration of transplanted cells in the retina. During transplantation, we caused damage in the retina and transplanted RPCs. When the retina is injured, glial cells in the retina tend to recover the damaged area. Glial scars made in the process might affect the integration of the transplanted cell [25, 26] . In addition, the outer limiting membrane is a barrier to the integration of the transplanted cells. These factors might affect the integration of transplanted cells [25, [27] [28] [29] .
Immune rejection might also contribute to the results of xenogenic human graft transplantation [23] . In the retina, an immune privileged area, there is a blood-retinal barrier [3, 30] . Survival of a xenogenic human graft in the mouse retina without immunosuppression might be possible if transplantation is performed without damage to the bloodretinal barrier. We therefore tried to transplant the progenitor cells into the retina without damage to the retinal vessels and RPE. Because RPE provides a barrier between the neural retina and choroid, RPE layer damage during transplantation or intraocular bleeding present during transplantation signifies that the blood-retinal barrier has been broken [29] . In this study, RPCs derived from xenogenic human iPSCs survived and differentiated after transplantation in the mouse retina without immunosuppression. Previously, Hambright et al. also reported that RPCs transplanted into the retina without breach of the blood-retinal barrier survived and differentiated into photoreceptors without immunosuppression [17] .
We noted that transplanted RPCs along the superficial retina showed the OPN1SW photoreceptor marker. Previous studies showed that transplanted cells, which were located in the subretinal area, inner retina or epiretinal area, had matured and transplanted cells are suggested to be affected by various extrinsic signals from host retina, causing maturation [17, 22, 31, 32] . The cellular and molecular mechanisms behind the development of retinal cells are not completely understood. Previous studies suggest that a genetic network of transcription factors is present in the retina of vertebrates and this might play an important role in retinal cell development [33] [34] [35] .
In conclusion, human iPSCs were differentiated to RPCs in vitro using SNMs and a noggin/bFGF/Dkk-1/IGF-1/FGF-9 protocol. These cells survived and differentiated into cells with specific photoreceptor markers after intraocular transplantation into the mouse retina. Our results suggest that RPC development using SNMs may be a faster and more useful method for differentiation of neural retinal cells.
